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Calcium in¯ux is known to be prerequisite for membrane fusion of myoblasts. However, little is known about the channels
that are responsible for the entry of calcium into the cells. Here we show that KCa channels and stretch-activated channels
are involved in the calcium in¯ux. Upon analysis of single-channel recordings, calcium sensitivity of KCa channels in
myoblasts was found to be about sixfold higher than that in myotubes. Their density in myoblasts (1.68 mm02) was also
about sixfold higher than that in myotubes (0.27mm02). In addition, the opening of the calcium-permeable cationic channels
in myoblasts was found to increase with membrane stretching and could be blocked by gadolinium. The density of stretch-
activated channels was 0.22 mm02 for myoblasts, and the relative permeability of calcium to potassium was PCa/PK  3.6.
The channels could generate inward calcium currents to open KCa channels in physiological solution. Furthermore, the
activation of KCa channels by phloretin dramatically hyperpolarized the resting membrane potential of myoblasts and this
effect could be reversed upon treatment of tetraethylammonium. While phloretin induced precocious fusion, tetraethylam-
monium or gadolinium blocked not only the phloretin-induced precocious fusion but also the spontaneous fusion of
myoblasts. These results suggest that hyperpolarization generated by reciprocal activation of stretch-activated channels
and KCa channels is involved in the calcium in¯ux that triggers myoblast fusion. q 1996 Academic Press, Inc.
INTRODUCTION Similar results have been observed in other species, such
as rat and lizard (Yaffe, 1971; Cox and Gunter, 1993). D600
and lanthanium, which antagonize voltage-dependent cal-During the differentiation of skeletal muscle, mono-
cium channels, have been shown to prevent the fusion ofnucleate myoblasts align along their bipolar axes and fuse
myoblasts (David et al., 1981; Entwistle et al., 1988a). Into form multinucleate myotubes. Myoblast fusion occurs
addition, elevation of extracellular potassium has beenconcomitant with the appearance of muscle-speci®c pro-
demonstrated to trigger the cell fusion (Entwistle et al.,teins such as actin, myosin, creatine kinase, and acetylcho-
1988a). These results imply that calcium in¯ux throughline receptors (for review, see Wakelam, 1985). In addition,
voltage-dependent calcium channels may be involved in themuscle ®bers undergo electrophysiological maturation, as
regulation of myoblast fusion.evidenced by the maintenance of large resting membrane
Despite these ®ndings, voltage-dependent calcium chan-potential (Fischbach et al., 1971), the generation of action
nels could not have been detected in myoblasts. By thepotentials (Spector and Prives, 1977), and the acquisition of
[3H]nifedipine binding experiment, Schmid et al. (1984)functional excitation±contraction coupling (Romey et al.,
have shown that the nifedipine receptor is absent in myo-1989).
blasts. Cognard et al. (1993) have revealed that dynamicMyoblast fusion depends on the entry of external calcium.
calcium responses cannot be observed in myoblasts uponShainberg et al. (1971) have shown that the fusion of chick
superfusion with 100 mM potassium by laser cyto¯uorime-embryonic skeletal muscle cells can be reversibly sup-
try. Moreover, patch clamp recording in whole-cell con®g-pressed by lowering the external calcium concentration.
urations from myoblasts has failed to detect voltage-depen-
dent calcium currents similar to those found in adult mus-
cle (Caffrey et al., 1987). In addition, the resting membrane1 To whom correspondence should be addressed.
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with 1% (v/v) glutaraldehyde for 30 min, stained with 10% (v/v)potential of myoblasts has been reported to be about 020
Giemsa solution for 30 min, and observed under a microscope withmM (Fischbach et al., 1971; Ritchie and Fambrough, 1975;
a magni®cation of 2001. Cells were considered fused only if thereSpector and Prives, 1977; Brodie et al., 1985), while that of
was clear cytoplasmic continuity and at least three nuclei wereL6 myoblasts is about 070 mV (Kidokoro, 1975). To clarify
present in each myotube. Each data point represents the means ofthis discrepancy, it is necessary to identify the ion channels
the counts from greater than 30 randomly chosen ®elds. Under the
which may provide a calcium conducting mechanism re- culture conditions, the extent of myoblast fusion was 4.6 { 2.4,
quired for myoblast fusion. 16.7 { 3.9, 34.7 { 5.2, and 45.3 { 3.8% (mean { SE) in 48-, 60-,
Many excitable cells are sensitive to mechanical stimuli 72-, and 96-hr cultures, respectively.
or to changes in hydrostatic pressure (Wann and McDonald,
1980). Apparently, mechanical responses are transduced
into electrical signals through stretch-activated channels
(Sachs, 1986). Since this type of channel was ®rst described Patch Clamp Recordings and Data Analysis
with chick embryonic muscle cells in culture, stretch-acti-
Patch clamp recordings of various con®gurations (Hamil et al.,vated single-channel currents have been observed in more
1981) were done using the Axopatch 200A ampli®er (Axon Instru-than 30 cell types (for review, see Morris, 1990). In addition,
ments) on the cultured muscle cell membranes. Patch pipets wereFranco and Lansman (1990) have suggested that the cal-
manufactured from capillaries of Corning glass 7052 and coatedcium-permeable cation channels, whose probability of
with Sylgard (Dow Corning) before ®re polishing. Pipets with 2±opening increases with the membrane tension and voltage,
10 MV resistance were routinely used. The Narishige hydraulic
may be involved in the calcium in¯ux during the early micromanipulator was used for ®ne control of the patch pipets.
stages of myogenesis in the C2 mouse myogenic cell line. The seal resistance was in the range of 5±20 GV. Signals were
The phenomenon that calcium in¯ux is reduced by depo- stored on a digital tape recorder (DTR 1204, Biologic Science Instru-
larization and increased by hyperpolarization has been rec- ments) for later analysis. Data were low-pass ®ltered at 0.5±2 kHz
ognized in various nonexcitable cells (Oettgen et al., 1985; (03 dB, four-pole Bessel) and digitized at 3±5 kHz using an 80486-
based personal computer equipped with a Digidata 1200 acquisitionMedolesi and Pozzan, 1987; Penner et al., 1988; Hashii et
board (Axon Instruments). For data acquisition and analysis,al., 1993). Since hyperpolarization of membrane potential
pClamp software (Axon Instruments) was routinely used. Apparentprovides an electrical driving force for calcium, it appears
open probability of the channel (Po) was estimated under steady-possible that membrane hyperpolarization in myoblasts
state conditions of long-lasting periods (10±30 sec) from the meantriggers the calcium entry. Large conductance calcium-acti-
current (I ), the maximal number of simultaneously open channels
vated potassium (KCa) channels have been described in a (N ), and the single-channel current (i ); i.e., Po  I/Ni. When neces-
variety of cells including skeletal muscle (for review, see sary, membrane potential was measured in current clamp mode (I
Latorre et al., 1989). This type of potassium channel cata-  0). Membrane potentials were given for the inner side with re-
lyzes the movement of potassium ions across the cell mem- spect to the outer side of the membrane. In Figs. 1, 4, 5, 6, and 7,
brane in response to the increase in internal calcium con- inward currents correspond to downward de¯ections, and negative
current values and closed states are marked by dashed horizontalcentration and membrane potential, which results in hyper-
lines. All experiments were done at room temperature (22±257C).polarization (Marty, 1981; Latorre, 1989).
In the present study we show that the hyperpolarization
generated by the increased KCa channel activity induces the
calcium in¯ux through calcium-permeable stretch-acti-
Solutionsvated channels and in turn triggers myoblast fusion.
Solutions used were as follows: normal bath (140 mM NaCl, 5.0
mM KCl, 2.5 mM CaCl2, 0.5 mM MgCl2, 10 mM glucose, 5.5 mM
MATERIALS AND METHODS N-2-hydroxyethylpiperazine-N *-2-ethanesulfonic acid (Hepes), pH
7.4, adjusted with NaOH); high-K bath (140 mM K-aspartate, 5.0
mM KCl, 2.5 mM CaCl2, 0.5 mM MgCl2, 10 mM glucose, 5.5 mMMyoblast Culture
Hepes, pH 7.4, adjusted with NaOH); hypotonic bath (90 mM NaCl,
5.0 mM KCl, 2.5 mM CaCl2, 0.5 mM MgCl2, 10 mM glucose, 5.5Chick myoblast cultures were prepared according to the method
of O'Neill and Stockdale (1972). Brie¯y, breast muscles from 12- mM Hepes, pH 7.4, adjusted with NaOH); 100 mM BaCl2 (100 mM
BaCl2, 10 mM Hepes, pH 7.4, adjusted with tetraethylammoniumday-old chick embryos were dissected out, minced, digested with
0.1% trypsin (Gibco) for 30 min, and dispersed by repeated pi- hydroxide (TEAOH)); 100 mM CaCl2 (100 mM CaCl2, 10 mM
Hepes, pH 7.4, adjusted with TEAOH); high-K (140 mM KCl, 10petting. The cells were collected by centrifugation, resuspended in
Eagle's minimal essential medium (MEM, Gibco) containing 10% mM NaCl, 1 mM MgCl2, 5 mM Hepes, pH 7.2, adjusted with KOH).
The desired concentration of free calcium was achieved with 80(v/v) horse serum and 10% (v/v) embryo extracts, and plated at a
density of 5 1 105 cells/ml. The culture medium was changed at mM ethylene glycol bis(b-aminoethyl ether)N,N *-tetraacetic acid
(EGTA) as described by Barrett et al. (1982). Free calcium concentra-24 hr after plating with MEM containing 5 mg/ml transferrin, 5 mg/
ml insulin, 1 mg/ml BSA, and 1 ng/ml sodium selenite. When tion was con®rmed by measurement with a calcium electrode (Dia-
mond General). Gadolinium chloride (GdCl3) was purchased fromnecessary, drugs were administered at the time of the medium
change. Aldrich, and phloretin, tetraethylammonium chloride (TEACl),
EGTA, and other reagents were from Sigma.To determine the extent of myoblast fusion, the cells were ®xed
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FIG. 1. Changes in the calcium sensitivity of KCa channels during myogenesis. (A) Steady-state recordings of membrane currents at /50
mV were made in the presence of the indicated concentrations of intracellular calcium. An inside-out patch with symmetrical high-K
solution was used for the recordings. Free calcium concentrations were buffered with 80 mM EGTA and con®rmed by measurement with
a calcium electrode. Currents were ®ltered at 1 kHz and digitized at 4 kHz. (B) Open probability (Po) was plotted against membrane
potential with intracellular calcium concentrations of 0.1 mM (s), 2 mM (l), 5 mM (h), and 15 mM (j). Po of KCa channels from myoblasts
(n  6) and myotubes (n  5) at different membrane potentials were ®tted with smooth curves calculated from the Boltzmann equation.
Each symbol represents the mean open probability { SE.
opening, Po , of single KCa channels. The measurements atRESULTS
different calcium concentrations were ®tted with the Boltz-
mann equation using a nonlinear least-squares curve-®ttingKCa Channels
method:
In order to determine whether the properties of the KCa
channels change during myogenesis, single-channel cur-
Po  1/[1 / exp(V 0 Vh)/k],rents were recorded at two different stages of development
of embryonic muscle cells in culture: myoblasts (24±48 hr
after plating) and myotubes (72±96 hr after plating). The where Vh is the voltage for the half-maximal activation of
channels and k is the slope factor which is depolarizingrecordings were made in inside-out patches at /50 mV in
the presence of varying concentrations of intracellular cal- voltage required for an e-fold increase in Po .
The Vh and k values obtained from the ®tted Po vs voltagecium. As shown in Fig. 1A, the channel activity of myo-
blasts was signi®cantly higher than that of myotubes. We curves were plotted against intracellular calcium concentra-
tion (Fig. 2). The calcium sensitivity of KCa channels inthen determined the difference in the channel activities of
myoblasts and myotubes at membrane potentials ranging chick myotubes in our preparation was in good agreement
with that in rat myotubes (Latorre et al., 1989). However,from 050 to /50 mV with varying intracellular calcium
concentrations. Because the activity of KCa channels is the Vh values signi®cantly shifted to a more hyperpolarizing
direction in myoblasts (Fig. 2A); i.e., KCa channels in myo-known to be sensitive to both intracellular calcium concen-
tration and voltage, their apparent sensitivity to calcium blasts were about six times more sensitive to calcium than
those in myotubes. In contrast, k, the slope of the voltageshould increase when the membrane is depolarized. Figure
1B shows the voltage dependence of the probability of the dependency, in myoblasts was nearly identical to that in
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
/ 6x0b$$8171 03-07-96 21:32:25 dba Dev Bio
17KCa and Stretch-Activated Channels in Myoblast Fusion
myoblasts, single-channel recordings were made using cell-
attached patches with barium or calcium as the inward
charge carrier. Membrane potentials of myoblasts were ze-
roed by bathing the cells in high-K bath. The membrane
stretch was applied continuously from 0 to 30 mmHg by
suction operated by a peristaltic pump. Figure 4A shows
that the channel activity was dependent on the degree of
applied negative pressure, indicating the presence of
stretch-activated channels in chick embryonic myoblasts.
To characterize the properties of stretch-activated chan-
nels, single-channel recordings were made in cell-attached
patches with 100 mM BaCl2 in the pipet at various mem-
brane potentials (Fig. 4B). Under these conditions, the slope
FIG. 2. Determination of the Vh (A) and k values (B) of KCa chan- conductance was estimated to be 19.0{ 3.4 pS and its rever-
nels in myoblasts and myotubes. The Vh and k values obtained sal potential was /20.8 { 1.0 mV (mean { SE, n  5) (Fig.
from the ®tted Po-voltage curves in Fig. 1B were plotted against 4C). With 100 mM CaCl2 in the pipets, the slope conduc-
intracellular calcium concentration for KCa channels in myoblasts tance was 13.7 { 1.3 pS and its reversal potential was /29.3
(l) and myotubes (s). { 5.4 mV (mean { SE, n  3). The relative permeability of
calcium to potassium, PCa/PK, was about 3.6, as analyzed
by the Goldman±Hodgkin±Katz equation, modi®ed for di-
valent cations (Lee and Tsien, 1984). These values are in
myotubes (Fig. 2B). The conductances of KCa channels were accord with those described by Franco and Lansman (1990),
235 { 10.34 pS (mean { SE, n  6) and 226 { 3.51 pS (mean
except that the spontaneous activity of stretch-activated{ SE, n  7) in myoblasts and myotubes, respectively.
channels was rarely observed in our preparations. These
To determine whether the density of KCa channels may results imply that stretch-activated channels are involved
change during myogenesis, inside-out patches were ob-
in the calcium in¯ux. There was little potential dependency
tained from developing myoblasts and exposed to 2.5 mM
of the channel opening at negative potential (physiological
intracellular calcium. The total number of patches exam-
potential), although increased activity was observed at
ined were 36 for myoblasts (at 24 hr after plating), 29 for
above 0 mV. Because there was a large variability in the
aligned myoblasts (48 hr), and 30 for myotubes (72 hr). Fig-
stretch sensitivity of stretch-activated channels from patch
ure 3 shows the percentage of the total number of patches
to patch, the channel activity at each membrane potential
with N KCa channels. For a known geometric shape of the was normalized by dividing by the open probability at 080
patch clamp pipet, there is a relation between the resistance
mV (Fig. 4D, n  5). The density of the stretch-activated
(R in MV) of the pipet and the effective membrane area of
channels was estimated to be 0.22 mm02 for myoblasts and
a patch sealed to the pipet (Sakmann and Neher, 1983):
Area (mm2)  12.6 1 (1/R / 0.018).
The channel density was therefore calculated as the sum of
the number of KCa channels divided by the sum of patch
areas. The channel density estimated was 1.68, 0.86, and
0.27 mm02 for myoblasts, aligned myoblasts, and myotubes,
respectively. These numbers were comparable to 0.75 mm02
in smooth muscle cells of guinea pig taenia coli (Hu et al.,
1989) and 0.44 mm02 in leaky epithelia (Christensen and
Zeuthen, 1987). Although these values are fairly rough esti-
mates, it is at least clear that the density of KCa channels
decreases during myogenesis.
Stretch-Activated Channels
It has been reported that one of the possible roles of
stretch-activated channels is the control of KCa channel ac- FIG. 3. Determination of the density of KCa channels in the devel-
tivity such as that in leaky epithelial cells, acinal cells, opment of myoblasts. The number of channels was determined in
and endocardial cells (Christensen, 1987; Hoyer et al., 1994; an inside-out patch with intracellular 2.5 mM calcium. The total
Park et al., 1994). To determine whether calcium-permeable number of patches was 36 for myoblasts (at 24 hr after plating), 29
for aligned myoblasts (48 hr), and 30 for myotubes (72 hr).stretch-activated channels also exist in chick embryonic
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
/ 6x0b$$8171 03-07-96 21:32:25 dba Dev Bio
18 Shin et al.
FIG. 4. Stretch-activated channel activity in chick myoblasts. (A) The recording was made in a cell-attached patch at 040 mV with the
pipet containing 100 mM BaCl2 solution. The membrane stretch to the patch was ramped from 0 to 30 mmHg with a speed of 0.43 mmHg/
s by suction operated by a peristaltic pump. The high-K bath solution was used to zero the cell membrane potential, so that the potential
across the membrane would be equal to the voltage command applied to the patch. Currents were ®ltered at 1 kHz and digitized at 3.3
kHz. (B) The recordings in cell-attached patches were made at membrane potentials ranging from 080 to /80 mV with 15 mmHg of the
pipet suction. The pipets containing 100 mM BaCl2 and high-K bath solution were used to zero the potential across the cell membrane.
Currents were ®ltered at 500 Hz and digitized at 2 kHz. (C) Amplitude of the unitary event was plotted against the membrane potential
obtained from the recordings. The pipet contained 100 mM BaCl2 (l; n  5) or 100 mM CaCl2 (s; n  3). The lines represent linear
regression ®ts to the data. (D) Open probability of stretch-activated channels was plotted as a function of membrane potential. Membrane
stretch was applied by the pipet suction at 15 mmHg. Each point represents the normalized mean open probability { SE of ®ve patches.
0.1 mm02 for myotubes. The total number of patches was The channel activity could rarely be seen at concentrations
above 10 mM. Figure 5B describes the dose-dependent effect30 for myoblasts and 20 for myotubes, and the number of
channels in a patch was taken as the maximum number of of gadolinium measured at 040 mV. These results again
indicate that chick myoblasts contain the gadolinium-sen-simultaneous openings observed. These results are in accor-
dance with a previous report showing that the density of sitive stretch-activated channels.
stretch-activated channels in myoblasts is higher than that
in myotubes (Franco and Lansman, 1990).
Calcium In¯ux through Stretch-ActivatedGadolinium is a trivalent lanthanide with an ionic radius
Channels in Physiological Solution(0.938 AÊ ) close to that of calcium (0.99 AÊ ). In addition, it is
known to be the most potent blocker of stretch-activated The recordings for both KCa channels and stretch-acti-
vated channels were performed in cell-attached patches inchannels in numerous cell types (Yang and Sachs, 1989).
Therefore, we examined whether gadolinium also in¯u- myoblasts with the pipets containing high-K solution with
and without 5 mM calcium (Fig. 6A). When the stretch wasences the activity of stretch-activated channels in chick
myoblasts. Recordings of stretch-activated channel activity applied by negative pipet pressure with calcium, the activi-
ties of both KCa channels and stretch-activated channelswere made in cell-attached patches using pipets containing
various concentrations of GdCl3 in 100 mM BaCl2. As increased concomitantly (upper trace: n  3). Without cal-
cium in the pipets, however, KCa channel activity was notshown in Fig. 5A, the amplitude of the single-channel cur-
rent was decreased upon raising the concentration of GdCl3. observed, although stretch-activated channel activity could
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FIG. 5. Effect of gadolinium on the stretch-activated channel activity. (A) Single-channel recordings of stretch-activated channels in cell-
attached patches were made using the pipets containing indicated concentrations of GdCl3 in 100 mM BaCl2. High-K bath solution was
used as the bathing solution. Pipet suction was carried out at 15 mmHg, and pipet potential was held at 040 mV. Currents were ®ltered
at 500 Hz and digitized at 2 kHz. (B) The single-channel amplitude of stretch-activated channels measured at 040 mV was plotted against
the concentration of GdCl3.
be detected (lower trace: n  3). The presence of KCa chan- channels, and this effect could readily be reversed upon
removal of the drug. In addition, the fast channel blockadenels was con®rmed in excised inside-out patches exposed
to 2.5 mM intracellular calcium. was induced by externally applied 1 mM TEA along with
50 mM phloretin.The KCa channel activity in cell-attached patches was also
recorded by changing the bathing solution to lower tonicity We also examined the effect of phloretin and TEA on the
resting membrane potential and the current in whole-cell(Fig. 6B). The channel openings were rarely observed in iso-
tonic normal bath solution, but a sudden increase in chan- patches of myoblasts (Fig. 8, n  5). At 50 mM phloretin,
the membrane potential of myoblasts enormously hyperpo-nel activity was seen within 20 sec after exposing the
patches to hypotonic solution (n  6). The channel activity larized from 020 to 070 mV with a concomitant three- to
fourfold increase in the outward current. Because 070 mVslowly declined to the control level when hypotonic solu-
tion was replaced with the same solution containing 20 mM was very close to the potassium equilibrium potential and
because 1 mM TEA prevented the effect of phloretin, thegadolinium (n  3). These results strongly suggest that the
activation of KCa channels is due to the calcium in¯ux hyperpolarization of membrane potential and the increased
outward current are likely due to the activation of the KCathrough stretch-activated channels whose activity can be
blocked by gadolinium. channel by phloretin.
Activation of KCa Channels and Membrane
Role of KCa and Stretch-Activated Channels inHyperpolarization by Phloretin
Myoblasts Fusion
Phloretin is a small organic molecule that has large dipole
moment and therefore can change the electric potential In order to determine the role(s) of KCa channels and
stretch-activated channels in the differentiation of myo-within the membrane. This agent has been shown to in¯u-
ence voltage sensors of KCa channels and activate their gat- blasts, the cells were treated with phloretin, a KCa channel
agonist, at 24 hr after plating and assessed for membraneings in frog axons (Koh et al., 1994). In addition, TEA has
been shown to interact with the external vestibule of KCa fusion at 54 hr. As shown in Fig. 9A, treatment with the
drug resulted in precocious fusion and its effect was dose-channels and occlude the potassium ¯ux through the pore
in many cell types, including chromaf®n cells (Yellen, dependent, although no further increase in the extent of
fusion was observed at concentrations above 50 mM. How-1984). To determine whether the drugs also in¯uence the
activity of KCa channels in myoblasts, recordings were made ever, when phloretin was added together with TEA, an an-
tagonist of KCa channels, the precocious fusion was almostin outside-out patches (Fig. 7, n  4). Externally applied 50
mM phloretin increased the open probability of single KCa completely prevented. In addition, gadolinium, a blocker of
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little is known about their physiological role. One proposed
role of the channels is its involvement in a pathway for
conducting calcium into cells (Yang and Sachs, 1989).
Franco and Lansman (1990) have suggested the possibility
that calcium-permeable stretch-activated channels in C2
muscle cells may be involved in a pathway for calcium
in¯ux during the early stages of myogenesis. In addition, it
has been reported that control of cell shape by the extracel-
lular matrix is critical for regulation of myoblast differentia-
tion (Oecalan et al., 1988; Moon et al., 1994). For example,
laminin, an extracellular matrix protein, induces elongation
of myoblasts to bipolar, spindle-shaped cells and promotes
myoblast fusion (Oecalan et al., 1988). Therefore, it appears
possible that the morphological change during myogenic
differentiation induces mechanical tension on various
cytoskeletal and membrane components (Ingber and
FIG. 6. Calcium in¯ux through stretch-activated channels in-
creases the activity of KCa channels. (A) Simultaneous recordings
of both KCa channels and stretch-activated channels were made in
cell-attached patches in the presence (upper trace) and absence
(lower trace) of 2.5 mM CaCl2 with the pipet solution containing
high-K. Normal bath solution was used as the bathing solution,
and no potential was applied (0Vp 0 mV). Upward and downward
arrows indicate the onset and release of the pipet suction, respec-
tively. (B) The activity of KCa channels was also measured under
hypotonic conditions. Normal bath solution was replaced by hypo-
tonic bath solution for the period indicated by the long bar and
then by the hypotonic bath solution containing 20 mM GdCl3 for
the period indicated by the short bar. The patch pipets contained
high-K solution, and no potential was applied (0Vp  0 mV). The
single-channel data of 0.6-sec periods indicated by a, b, and c from
the upper trace were displayed on an expanded time scale in the
lower trace.
stretch-activated channels, similarly abolished the fusion-
promoting effect of phloretin.
To clarify further the effects of TEA or gadolinium on
myoblast fusion, the cells were treated with increasing
amounts of either of the drugs alone at 24 hr after the plating
and assessed for the fusion at 72 hr. Figure 9B clearly shows
that both the drugs are capable of blocking myoblast fusion
in a dose-dependent manner. Tetramethylammonium, a
structural analog of TEA, showed little or no effect on the
cell fusion up to 5 mM. It also did not prevent the fusion-
promoting effect of phloretin (data not shown). All these
FIG. 7. Effect of phloretin or TEA on the activity of KCa channels.®ndings suggest that both the KCa channels and the stretch-
(A) Single-channel recordings were made under control conditionsactivated channels that are involved in the in¯ux of calcium
(a), after exposure to 50 mM phloretin (b), after removal of the drugplay an important role in myoblast fusion.
(c), and then after exposure to 50 mM phloretin together with 1 mM
TEA (d). Currents were recorded in an outside-out patch at 030DISCUSSION
mV with symmetrical high-K solution. Intracellular calcium con-
Although single-channel recordings of stretch-activated centration was 2 mM. (B) Po values of KCa channels were also deter-
mined as in Fig. 1 for the period of each treatment.channels have been made in a wide variety of cell types,
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potential seems to be critical in regulating the amount of
calcium in¯ux through stretch-activated channels.
KCa channels are distributed in a wide variety of cell types.
Although their role in skeletal muscle has not yet been
clearly demonstrated, KCa channels play an important role
in the regulation of secretions from endocrine and exocrine
glands (for review, see Latorre et al., 1989). Our results have
demonstrated that KCa channels are by far the most predom-
inant channels in myoblasts and have relatively high cal-
cium sensitivity. Furthermore, the activity and the density
of the channels in myoblasts were signi®cantly higher than
those in myotubes. These results suggest that the activation
of KCa channels would promote hyperpolarization of mem-
brane potential in fusion-competent myoblasts. Indeed, ac-
tivation of KCa channels by phloretin in the cells dramati-
cally hyperpolarized the membrane potential that can be
prevented by TEA. Furthermore, the treatment of the cul-
tured myoblasts with phloretin induced a precocious fusion.
As expected, TEA prevented the stimulating effect of phlor-
etin in the myoblast fusion. In addition, the fusion-stimu-
FIG. 8. Effect of phloretin on membrane potential and whole-
cell currents. (A) Membrane potential was measured under control
conditions (a), after exposure to 50 mM phloretin (b), and then after
exposure to the drug together with 1 mM TEA (c). The potentials
were determined in current clamp mode (I  0). (B) Whole-cell
currents were also measured at the time of the drug treatment by
depolarizing voltage steps from a holding potential of 060 mV to
the values from 040 to /60 mV with 20-mV increments. Whole-
cell recordings were made with the pipet containing high-K with
0.1 mM calcium, and normal bath solution was used.
Jamieson, 1985; Ingber and Folkman, 1989), which in turn
results in the opening of stretch-activated channels.
In the present study, we have demonstrated that stretch-
activated channels are also present in chick embryonic
myoblasts. Given the calcium permeability (PCa/PK  3.6)
and the measured density (0.22 mm02), stretch-activated
channels in myoblasts can signi®cantly contribute to cal-
cium in¯ux, which is a prerequisite for membrane fusion.
Activation of stretch-activated channels can carry the in-
ward calcium current in physiological solution as judged by
the KCa channel opening. Apparently, the maintenance of
suf®cient negative membrane potential is necessary for cal-
cium in¯ux operated by receptor-mediated channels (Miledi
et al., 1980; Medolesi and Pozzan, 1987; Hashii et al., 1993)
and nonselective cation channels (Matthews et al., 1989;
Nilius and Riemann, 1990; Puro, 1991). Under the condi-
tions of whole-cell recordings, however, the zero-current
potential of myoblasts is beyond 020 mV, which is not
FIG. 9. (A) Effect of phloretin on myoblast fusion in the presenceenough to provide the suf®cient calcium in¯ux required for
and absence of TEA or GdCl3. The drugs were treated to the cellsthe induction of myoblast fusion. Therefore, it appears
at 24 hr after plating, and the extent of fusion was assessed at 54
likely that the initial calcium entry through stretch-acti- hr. Each point represents the mean { SE of three different cultures.
vated channels, which is in relatively low amounts, would (B) Dose-dependent effect of TEA or GdCl3 on spontaneous my-
hyperpolarize the myoblast membrane by activation of KCa oblast fusion. The drugs were administered to the cells at 24 hr
channels to get a signi®cant amount of calcium in¯ux after plating, and the extent of fusion was assessed at 72 hr. Each
point represents the mean { SE of three different cultures.through stretch-activated channels. Therefore, membrane
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
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K/-ATPase and electrogenic component of Em in cultured myo-lating effect of phloretin could also be prevented by gadolin-
tubes on cell fusion. Brain Res. 336, 384±386.ium, which blocks the activity of stretch-activated chan-
Caffrey, J. M., Brown, A. M., and Schneider, M. D. (1987). Mitogensnels. In summary, we propose that the entry of calcium into
and oncogenes can block the induction of speci®c voltage-gatedmyoblasts is mediated by reciprocal activation of stretch-
ion channels. Science 236, 570±573.activated channels and KCa channels and that the increased Christensen, O. (1987). Mediation of cell volume regulation: Ca2/
intracellular calcium concentration triggers myoblast fu- in¯ux through stretch-activated channels. Nature 330, 66±68.
sion. Christensen, O., and Zeuthen, T. (1987). Maxi K/ channels in leaky
A number of physiological agents that elevate intracellu- epithelia are regulated by intracellular Ca2/, pH and membrane
lar calcium concentration have also been demonstrated to potential. P¯uegers Arch. 408, 249±259.
induce precocious fusion. It has been shown that prostaglan- Cognard, C., Constantin, B., Rivet-Bastide, M., and Raymond, G.
(1993). Intracellular calcium transients induced by differentdin E1 (PGE1) induces precocious fusion of chick skeletal
kinds of stimulus during myogenesis of rat skeletal muscle cellsmyoblasts (David and Higginbotham, 1981; Zalin, 1987) and
studied by laser cyto¯uorimetry with Indo-1. Cell Calcium 14,its binding to the cell surface occurs just prior to the fusion
333±348.(Hausman and Velleman, 1981; Hausman et al., 1986).
Cox, P. G., and Gunter, M. (1993). The effect of calcium ion concen-Moreover, there are several observations about the in-
tration on myotube formation in vitro. Exp. Cell Res. 79, 169±creased calcium permeability induced by PGE1 (David and 178.
Higginbotham, 1981; Zalin and Entwistle, 1984; Zalin, David, J. D., Fraser, C. R., and Perrot, G. P. (1990). Role of protein
1987). In addition, acetylcholine and ATP, which also are kinase C in chick embryo skeletal myoblast fusion. Dev. Biol.
likely to increase the intracellular calcium concentration, 139, 89±99.
have been shown to induce myoblast fusion (Entwistle et David, J. D., and Higginbotham, C.-A. (1981). Fusion of chick em-
al., 1988b). Since myoblast fusion is also sensitive to the bryo skeletal myoblasts: Interaction of prostaglandin E1, adeno-
sine 3*:5* monophosphate, and calcium in¯ux. Dev. Biol. 82,increase in extracellular potassium concentration, the link
308±316.between the increase in calcium permeability and the fu-
David, J. D., See, W. M., and Higginbotham, C.-A. (1981). Fusionsion-inducing agents has been suggested to be mediated by
of chick embryo skeletal myoblasts: Role of calcium in¯ux pre-membrane depolarization (Entwistle et al., 1988a). It has
ceding membrane union. Dev. Biol. 82, 297±307.also been suggested that the link between the increased
Entwistle, A., Zalin, R. J., Bevan, S., and Warner, A. E. (1988a). Thecalcium permeability and PGE1 is mediated by protein ki- control of chick myoblast fusion by ion channels operated by
nase C-dependent phosphorylation of membrane proteins, prostaglandins and acetylcholine. J. Cell Biol. 106, 1693±1702.
because 12-O-tetradecanoylphorbol 13-acetate, an activator Entwistle, A., Zalin, R. J., Warner, A. E., and Bevan, S. (1988b). A
of protein kinase C, can overcome the fusion-blocking effect role for acetylcholine receptors in the fusion of chick myoblasts.
of the reagents (e.g., indomethacin) that prevent the synthe- J. Cell Biol. 106, 1703±1712.
sis of PGE1 (David et al., 1990). Although the calcium chan- Fischbach, G. D., Nameroff, M., and Nelson, P. G. (1971). Electrical
properties of chick skeletal muscle ®bers developing in cell cul-nels that can be activated by depolarization and/or protein
ture. J. Cell. Physiol. 78, 289±300.kinase C-dependent protein phosphorylation have not yet
Franco, A., and Lansman, J. B. (1990). Stretch-sensitive channels inbeen identi®ed, these mechanisms by which the calcium
developing muscle cells from a mouse cell line. J. Physiol. (Lon-in¯ux can be triggered in fusion-competent myoblasts are
don) 427, 361±380.likely to also be involved in the regulation of membrane
Hamil, O. P., Marty, A., Neher, E., Sakmann, B., and Sigworth,fusion.
F. J. (1981). Improved patch clamp techniques for high-resolution
current recording from cells and cell-free membrane patches.
P¯uegers Arch. 391, 85±100.
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